Patterns of genetic differentiation among taxa at early stages of divergence provide an opportunity to make inferences about the history of speciation. Here, we conduct a survey of DNA-sequence polymorphism and divergence at loci on the autosomes, X chromosome, Y chromosome and mitochondrial DNA in samples of Mus domesticus, M. musculus and M. castaneus. We analyzed our data under a divergence with gene flow model and estimate that the effective population size of M. castaneus is 200 000-400 000, of M. domesticus is 100 000-200 000 and of M. musculus is 60 000-120 000. These data also suggest that these species started to diverge approximately 500 000 years ago. Consistent with this recent divergence, we observed considerable variation in the genealogical patterns among loci. For some loci, all alleles within each species formed a monophyletic group, while at other loci, species were intermingled on the phylogeny of alleles. This intermingling probably reflects both incomplete lineage sorting and gene flow after divergence. Likelihood ratio tests rejected a strict allopatric model with no gene flow in comparisons between each pair of species. Gene flow was asymmetric: no gene flow was detected into M. domesticus, while significant gene flow was detected into both M. castaneus and M. musculus. Finally, most of the gene flow occurred at autosomal loci, resulting in a significantly higher ratio of fixed differences to polymorphisms at the X and Y chromosomes relative to autosomes in some comparisons, or just the X chromosome in others, emphasizing the important role of the sex chromosomes in general and the X chromosome in particular in speciation.
Introduction
Multilocus datasets of DNA sequence variation within and between closely related species can provide important insights into the history of speciation. A number of analytical approaches have been developed recently that take into account such data to estimate parameters in a coalescent framework and thereby evaluate different speciation models (e.g. Wakeley & Hey 1997; Nielsen & Wakeley 2001; Hey & Nielsen 2004 . This analytical framework has become known as 'divergence population genetics'. This general approach is growing in popularity and has been applied to closely related species or subspecies in a number of groups of both plants and animals (e.g. Machado et al. 2002; Won & Hey 2005; Kronforst et al. 2006; Lawton-Rauh et al. 2007; Stadler et al. 2008) .
House mice have served as an important model for genetic studies of speciation, both in a well-studied hybrid zone (e.g. Teeter et al. 2008) and through crosses in the laboratory (e.g. Britton-Davidian et al. 2005) , but relatively little is known about overall patterns of genetic differentiation. House mice include three main species (also referred to as subspecies): Mus domesticus in Western Europe, the Middle East and North Africa (and recently introduced worldwide), M. musculus in Eastern Europe and Northern Asia, and M. castaneus in Southeast Asia. Following previous authors (e.g. Sage et al. 1993) , we refer to these taxa as species rather than subspecies because they are genetically distinct and exhibit partial reproductive isolation despite the presence of some gene flow, much like Drosophila pseudoobscura and D. persimilis (Hey & Nielsen 2004) or D. yakuba and D. santomea (Llopart et al. 2005) . These lineages are thought to have diverged from an ancestral population in the Indian subcontinent Din et al. 1996) . The timing of divergence is uncertain, with estimates ranging from 350 000 to 900 000 years ago (She et al. 1990; Boursot et al. 1996; Suzuki et al. 2004) . M. domesticus is believed to have spread westward, and fossils dating to 12 000 bp are known from Israel (Auffray et al. 1990) . From the Middle East, M. domesticus migrated into Western Europe during the Iron Age around 3000 years ago, after the spread of agriculture (Cucchi et al. 2005) . The dispersal routes of M. musculus and M. castaneus are less well documented, but it is likely that M. musculus reached Eastern Europe via a northern Asian route, and that M. castaneus migrated eastwards . M. domesticus and M. musculus meet in a hybrid zone that runs from Denmark to Bulgaria, and M. musculus and M. castaneus meet in a poorly studied hybrid region in northern China and have hybridized to form M. molossinus in Japan . There is also evidence of hybridization between M. domesticus and M. castaneus in California (Orth et al. 1998) . Mice from the Indian region have been referred to as bactrianus by some authors (reviewed in Boursot et al. 1993) and have been included within castaneus by others (e.g. Baines & Harr 2007) . Here, we refer to mice from India as M. castaneus.
Studies of the hybrid zone between M. domesticus and M. musculus have documented extensive variation in patterns of introgression among loci (e.g. Macholan et al. 2007; Teeter et al. 2008) . The X chromosome generally shows reduced introgression (Tucker et al. 1992; Dod et al. 1993; Munclinger et al. 2002; Macholan et al. 2007) , while the Y chromosome shows reduced introgression in some transects of the hybrid zone (Vanlerberghe et al. 1986; Tucker et al. 1992; Dod et al. 1993) , but not in others (Munclinger et al. 2002; Macholan et al. 2007) . Laboratory crosses between M. domesticus (or B6, a strain largely derived from domesticus) and M. musculus, M. castaneus and M. molossinus reveal reduced fecundity or hybrid male sterility caused by loci on both the X chromosome and the autosomes (e.g. Forejt 1996; Oka et al. 2004 Oka et al. , 2007 Storchova et al. 2004; Britton-Davidian et al. 2005; Davis et al. 2007; Good et al. 2008; Gregorova et al. 2008; Takada et al. 2008) .
Important questions remain about the timing of divergence among the major lineages, the extent of historical gene flow, the effective population sizes for each lineage, and the consequences of population splitting and reproductive isolation for patterns of genetic differentiation. To begin to address these issues, we compared patterns of differentiation among loci residing on chromosomes with different modes of inheritance and different effective population sizes: mitochondrial DNA (mtDNA), the Y chromosome, the X chromosome and the autosomes. These differences lead to simple predictions for rates of differentiation under a neutral model with no gene flow following population splitting: mtDNA and Y-linked loci are expected to differentiate more quickly than X-linked loci which in turn will be more differentiated than autosomal loci.
We sequenced eight effectively unlinked loci, including one mitochondrial, one Y-linked, two X-linked and four autosomal regions, in population samples of M. domesticus, M. musculus and M. castaneus to address four main issues: (i) What is the level and pattern of genetic variation and effective population size of each species? (ii) When did these species start to diverge? (iii) Are patterns of genetic variation consistent with a simple allopatric model with no gene flow? If not, what is the extent and pattern of gene flow? (iv) are genomic regions with lower effective population sizes more differentiated, as predicted by theory?
Materials and methods

Samples
For nuclear loci, we sampled 60 Mus domesticus, 59 M. musculus and 59 M. castaneus from their native ranges (Fig. 1 and Table S1 , Supporting information). For each species, at least two populations were included, one closer to the presumed ancestral range, the other derived. For M. domesticus, Israel (Is) is more ancestral and Western Europe (WE) is derived. For M. musculus, Kazakhstan (Kz) is ancestral and Russia (Ru) and Eastern Europe (EE) are derived. For M. castaneus, India (In) is ancestral and Taiwan (Tw) and China (Ch) are derived. All mice were collected at least 300 m apart to avoid sampling related individuals. DNA from one individual each of M. caroli, M. spicilegus and M. spretus was purchased from the Jackson laboratory, and these taxa were used as outgroups.
Molecular methods
We sequenced mostly intronic portions of Chrng, Med19, Prpf3 and Clcn6 on Chromosomes 1, 2, 3 and 4, respectively, G6pdx and Ocrl on the X chromosome, Jarid1d (Smcy) on the Y chromosome, and the mtDNA control region (Table 1) . For nuclear loci, we selected genes that were widely expressed, defined as genes where the maximum expression in any tissue was 10% or less of the total expression (Su et al. 2004) . For each locus, we amplified two overlapping fragments using polymerase chain reaction (PCR), and we sequenced both fragments. This allowed us to identify cases of allele-specific PCR. Both DNA strands were sequenced. The mitochondrial control region was chosen because it is variable and has been widely studied in these taxa (Prager et al. 1998) . Fifty-six control region sequences of M. domesticus from WE were taken from Nachman et al. (1994) , and 229 new sequences were generated from populations of M. domesticus, M. musculus and M. castaneus (Table S1 , Supporting information). Outgroup sequences for this locus were retrieved from public databases. PCR and sequencing primers and amplicon details are provided in Table S2 (Supporting information).
Data analyses
Sequences were trimmed to exclude short exonic regions. Assembly and editing were performed using phred/ phrap/consed/polyphred (Nickerson et al. 1997; Gordon et al. 1998 ) coupled with automated shell scripts and Perl programs kindly provided by August Woerner (University of Arizona, USA). The resulting contigs were deposited in GenBank under Accession nos EU932966-EU933930 and EU938914-EU939142. Alignments generated with ClustalW (Thompson et al. 1994) were checked and manually edited with BioEdit (Hall 1999) .
All insertion/deletion polymorphisms were excluded from subsequent analyses. We excluded individuals with more than 10% missing data. We also excluded sites with more than 10% of the total individuals missing. This was done separately for each locus. Haplotypes were inferred with Phase 2.1.1 (Stephens et al. 2001; Stephens & Donnelly 2003) after checking for convergence of three independent runs for each data set.
The program sites (Wakeley & Hey 1997 ) was used to calculate a number of summary statistics, including π (Nei & Li 1979) and θ (Watterson 1975) , two estimators of the population mutation parameter 4N e μ (where μ is the neutral mutation rate and N e is the effective population size), and Dxy, the average pairwise divergence between populations or between species (Nei 1987) . Due to the high mutation rate of the mtDNA control region the occurrence of multiple substitutions at single sites is likely. We estimated the appropriate model of nucleotide substitution using modeltest 3.06 (Posada & Crandall 1998) with the Akaike Information Criterion (Posada & Buckley 2004 ) and we then corrected for multiple substitutions. The ratio of the male to female mutation rate (α) was estimated with average Dxy at autosomes, X and Y chromosomes between the three Fig. 1 species of house mice and Mus caroli, using the formulae in Miyata et al. (1987) . We tested for departures from a neutral model of molecular evolution using two tests based on the frequency spectrum of polymorphisms, Tajima's D (Tajima 1989) and Fu and Li's D (Fu & Li 1993) . These tests were calculated for each population and also for each of the three species using sites (Wakeley & Hey 1997) . The Hudson-Kreitman-Aguade (HKA) test (Hudson et al. 1987 ) was used to compare the ratio of polymorphism to divergence among loci. Multilocus HKA tests were performed using polymorphism in each species and also polymorphism in the three species together (i.e. a total of four tests) and uncorrected average pairwise divergence (Dxy) to M. caroli. Statistical significance for all neutrality tests was obtained by performing 1000 coalescent simulations conditioned on the parameters estimated from our data using the program hka (http://lifesci.rutgers. edu/~heylab/HeylabSoftware.htm#HKA). F ST between populations of a given species, and between species, was calculated using sites (Wakeley & Hey 1997) . Evolutionary relationships among alleles were inferred using the neighbour-joining method (Saitou & Nei 1987) in mega 4 (Tamura et al. 2007) . Trees were rooted with the M. caroli sequence and bootstrap values for each node were calculated after 1000 replicates (Felsenstein 1985) .
To obtain maximum-likelihood (ML) estimates of population sizes, divergence times, and migration rates we used the computer program im which is an implementation of the Markov chain Monte Carlo (MCMC) method for analysis of genetic data under an isolation with migration model (Hey & Nielsen 2004) . im assumes that there is no recombination within loci and free recombination between loci. We used the program imgc (Woerner et al. 2007 ) to obtain the longest region within each locus without four gametic types. Using this non-recombining dataset (Table S3 , Supporting information), we performed three different pairwise analyses (M. domesticus and M. musculus, M. domesticus and M. castaneus, and M. musculus and M. castaneus) with three replicates for each. For each analysis, we ran the program under Metropolis Coupled MCMC, using 12 chains with a two-step heating scheme and parameters that allowed for proper chain swapping. We ran the program for at least 10 million steps. For each analysis we checked for convergence between the three replicates, and we present results from just one replicate of each analysis. We used im to estimate the effective population size of each species and the effective population size of the ancestral population that gave rise to the contemporary species. We also estimated the time since the ancestral population split, and the rate at which species exchange genes (2Nm) per generation. We recorded the distribution of the number of migration events for each locus over the course of the analyses. Output from im is expressed in units of 4N e μ, tμ, and m/μ, where μ is the neutral mutation rate per generation, t is the divergence time in generations and m is the migration rate per generation. To convert these parameters into N e , t and m, we estimated μ for each locus assuming the divergence to M. caroli represents 4.3 million years (Suzuki et al. 2004 ) and a generation time of 0.5 or 1.0 years (see below). Likelihood ratio tests comparing models with and without gene flow were conducted with ima (Hey & Nielsen 2007) .
There are several sources of error in these analyses. The im model includes gene flow between two populations which derive from a single ancestral population. The ancestral population and each of the derived populations may have different population sizes, but more complex demographic scenarios are not incorporated. The exact history of mouse populations is not known but is probably more complex. Our data include three species, each with two or three populations. This has several implications. First, our sample may contain structure that is not modelled appropriately by im. To address this, we redid all analyses using only the largest population from each species. Similar results were obtained and thus only the more complete analyses are reported. Second, since im compares only two populations at a time, it does not account for gene flow between those populations and any unsampled populations. We conducted analyses in all pairwise combinations for the three species and obtained similar estimates of parameters in different comparisons. For example, the estimate of N e for M. domesticus is very similar in comparison to M. castaneus and in comparison to M. musculus (see Results). This suggests that gene flow with unsampled populations is not leading to substantial bias in the estimation of some parameters. Nonetheless, we also compared estimates of N e obtained from im with estimates based on the neutral prediction that N e = π/4μ for a single population at mutationdrift equilibrium without gene flow, and we obtained similar results.
Another potential source of error in these analyses comes from the estimate of mutation rate per generation, which requires assumptions about generation time and molecular clock calibrations from comparisons to other species. Our estimates of mutation rate per year (see Results) are in good agreement with previous estimates (e.g. Li et al. 1996; Waterston et al. 2002) . However, estimates of N e depend on estimates of mutation rate per generation. To convert mutation rates per year into rates per generation, we need to know the number of generations per year. Gestation in mice lasts three weeks, and mice are reproductively mature at about two months. In the lab, mice may have up to four generations per year. In the wild, commensal mice can breed year-round if food is available, but feral populations of mice typically breed seasonally (Bronson 1979) . House mice have only recently evolved to be commensal, and abundant food for commensal mice has likely only occurred since the development of agriculture (i.e. within the last 8000 years). Thus, for the vast majority of their roughly 500 000-year evolutionary history, house mice have probably bred seasonally and had only one or two generations per year. To account for the uncertainty in generation time, we provide estimates of population parameters from im using generation times of 0.5 and 1.0 years. While our estimates of t depend on generation length, our estimates of divergence time in years do not.
Results
Intraspecific polymorphism and effective population size
We observed considerable variation in levels of polymorphism among loci and among species (Table 2) . Averaged over all nuclear loci, Mus castaneus was the most variable (π = 0.43%, SE = 0.11%), followed by M. domesticus (π = 0.14%, SE = 0.03%) and M. musculus (π = 0.13%, SE = 0.07%). In these comparisons, π for X-linked loci was multiplied by 4/3, and π for Jarid1d was multiplied by 4 to account for differences in effective population size. Nucleotide diversity for mtDNA showed the same trend among species (Table 2) . In general, the proportion of segregating sites (θ) was higher than the average number of pairwise differences (π), and thus Tajima's D was negative for many locus/population combinations (values for each species are given in Table 2 , and values for each population are given in Table S4 134 †Number of chromosomes; ‡Average sequence length; §Number of polymorphic nucleotide sites; ¶π and θ are estimators of the population mutation parameter; see Materials and methods; † †*P < 0.05, **P < 0.01; ‡ ‡Dxy is the average pairwise divergence per site compared to M. caroli (Nei 1987) .
We compared ancestral and derived populations to see if derived populations were associated with population bottlenecks and consequent lower levels of diversity and higher average values of Tajima's D, as seen in humans (e.g. Akey et al. 2004) . For M. castaneus, we focused on the population from Taiwan since it has a larger sample size. Average nucleotide diversity was similar in ancestral and derived populations of M. domesticus (π anc = 0.13%, SE = 0.03%; π der = 0.13%, SE = 0.03%) and M. musculus (π anc = 0.12%, SE = 0.07%; π der = 0.12%, SE = 0.08%), while in M. castaneus, the ancestral population harboured more variation than the derived population (π anc = 0.36%, SE = 0.11%; π der = 0.18%, SE = 0.12%). Similar levels of polymorphism in ancestral and derived populations of M. domesticus and M. musculus could be due in part to the fact that the samples for the derived populations span a larger geographic range than the ancestral populations (Fig. 1) . For Tajima's D, we observed no consistent differences between ancestral and derived populations of M. musculus and M. domesticus, but for M. castaneus, Tajima's D was often higher in the derived population than in the ancestral population (Table S4 , Supporting information). These results suggest that the derived population of M. castaneus from Taiwan may have been associated with a bottleneck.
We tested the neutral prediction of equal ratios of polymorphism to divergence among loci in an HKA framework (Hudson et al. 1987 ) using polymorphism from each species separately as well as all three species together. Divergence was calculated in comparison to M. caroli. Each of these four tests rejected a neutral model (P < 0.001 for each). The largest deviations in these tests were caused by a lack of divergence (or excess of polymorphism) at mtDNA. We then corrected for multiple substitutions at mtDNA using modeltest 3.06 (Posada & Crandall 1998) and performed HKA tests with corrected values. Only the test involving M. musculus polymorphism remained significant (P = 0.003). In this test, the greatest deviation from neutral expectations was due to an excess of polymorphism at Clcn6 relative to divergence (46 observed polymorphisms when only 24 were expected). When this locus was removed, the resulting test was not significant. These results suggest that with the exception of Clcn6 in M. musculus, patterns of polymorphism and divergence in this multilocus dataset are consistent with neutral predictions.
We used im to estimate N e of each species under a model of divergence with gene flow. The ML estimates and 90% highest posterior density (HPD90) intervals are shown in Fig. 2 and Table 3 . Assuming one generation per year, average N e for M. castaneus was 203 626, average N e for M. domesticus was 100 923, and average N e for M. musculus was 60 450; estimates were twice as large assuming two generations per year. Notably, the estimates for each species were in reasonable agreement with each other, regardless of which species was used in comparison, and the likelihood surfaces in all cases had single clear sharp peaks. For example, N e for M. domesticus was 101 400 when compared to M. musculus and 100 446 when compared to M. castaneus with one generation per year. In contrast to the sharp likelihood surfaces for current N e , the likelihood surfaces for ancestral N e were relatively flat (Fig. 2) . We also estimated population size from the expectation N e = π/4μ following a simple model of mutation-drift equilibrium, and obtained similar results. For example, for M. domesticus autosomes, π = 0.155% (Table 2 ) and μ = 4.1 × 10 -9 (see below), resulting in N e = 95 000 assuming one generation per year.
Interspecific divergence, mutation rates and age of species
Comparisons between species allowed us to estimate mutation rates and divergence times. We also took Missing values are where parameters could not be reliably estimated; *P < 0.05; **P < 0.01; ***P < 0.005 in comparisons between species; †The time since Species 1 and 2 split in numbers of generations; ‡The population migration rate into Species 1 from Species 2 per generation; §The population migration rate into Species 2 from Species 1 per generation; ¶Corresponds to the first bin of the parameter space, and therefore represents zero.
advantage of comparisons between genes with different modes of inheritance to estimate mutation rates separately for males and females. Average divergence (D) between M. caroli and M. domesticus, M. musculus or M. castaneus was on the order of 2-5% for introns of nuclear genes (Table 2) . We used these data to estimate mutation rates (μ) per generation per site assuming a divergence time between M. caroli and the three species of 4.3 million years (Suzuki et al. 2004 ) and a generation time of one year. Under a neutral model, D = 2μt + 4N anc μ, where N anc is the ancestral population size and t is the divergence time measured in generations. If we assume that the ancestral population size is similar to current population sizes (Table 3) , then 4N anc μ is small relative to D (Table 2) and D = 2μt approximately. Using this approximation, average mutation rates were 4.1 × 10 -9 for the autosomes, 3.3 × 10 -9 for the X chromosome and 5.4 × 10 -9 for the Y chromosome. The mutation rate for the mitochondrial control region was roughly one order of magnitude higher (μ = 4.1 × 10 -8 ). These estimates should be viewed as approximations owing to the uncertainty in generation length and divergence time (She et al. 1990; Chevret et al. 2005) . However, we note that our estimates per year are in good agreement with previous estimates (e.g. Li et al. 1996) . If mice have two generations per year rather than one, all estimates of μ per generation are half as large. By comparing divergence among X, Y and autosomal loci we estimated α, the ratio of the male to female mutation rates as in Miyata et al. (1987) . Each of these comparisons yielded slightly different estimates of α (X vs. autosomes, α = 3.9; X vs. Y, α = 2.3; autosomes vs. Y, α = 1.8). These estimates suggest that 2-4 times as many mutations come from males compared to females, in general agreement with previous estimates for rodents (Chang et al. 1994; Chang & Li 1995; .
Levels of divergence among M. domesticus, and M. musculus, and M. castaneus are shown in Table 4 , and neighbour-joining trees showing relationships of haplotypes for each locus are shown in Fig. 3 and Fig. S1 (Supporting information). For some loci, each species formed a monophyletic group (e.g. Ocrl), while at other loci species were intermingled on the phylogeny (e.g. Clcn6). These differences among loci are consistent with a recent origin for these species and may reflect unsorted ancestral polymorphism as well as gene flow (discussed below). Divergence among these species was less than 1% in all comparisons (Table 4) . The average interspecific divergence in pairwise comparisons was nearly identical for each of the three possible comparisons (domesticus-musculus Dxy = 0.54%; domesticuscastaneus Dxy = 0.51%; musculus-castaneus Dxy = 0.51%), presumably reflecting separation from an ancestral population at roughly the same time. Using the mutation rates calculated above and an ancestral population size of 120 000, we estimate that musculus and domesticus began to diverge approximately 495 000 years ago {for autosomes, t = (D -4N anc μ)/(2μ) = [(6.02 × 10 -3 ) -(4.8 × 10 5 )(4.1 × 10 -9 )]/ (8.2 × 10 -9 ) = 495 000 years}. Roughly similar estimates are obtained for the other species pairs and for comparisons involving the X chromosome.
The phylogeny of these species has been debated, although current phylogenetic evidence supports a musculus + castaneus clade, with domesticus as basal . The difficulty of inferring the correct population history can be seen from the trees in Fig. 3 is expected when the time between successive population splits is small. Of the eight trees in Fig. 3 , four support a close relation between domesticus and castaneus with musculus branching off first (Prpf3, Ocrl, Jarid1d and mtDNA), two support a close relation between musculus and castaneus with domesticus branching off first (Med19, G6pdx), one supports a close relation between domesticus and musculus with castaneus in a basal position (Chrng), and one shows very little concordance between species and phylogeny (Clcn6). The discordance among these trees suggests that all three species split from an ancestral population at nearly the same time and that data from many loci may be needed to resolve the correct bifurcating topology, if one exists.
ML estimates for divergence time between musculus and castaneus using im were generally unreliable, with different runs converging on different values. In some cases, the likelihood surfaces were quite flat (Fig. 2) . The estimated divergence time for musculus and domesticus was 628 000 years, and the estimated divergence time for domesticus and castaneus was 330 000 years. The HPD90 intervals, which were quite broad (Table 3) , include the estimate of ~500 000 years from the calculation above assuming a simple molecular clock.
Levels and patterns of gene flow
We studied patterns of differentiation both within and between species (Table 4) . As expected, F ST was generally higher between species than within species, although there was also considerable differentiation between ancestral and derived populations within species. Average F ST between species was 0.66 (range 0.13-0.93), while average F ST within species was 0.25 (range 0.00-0.94). The highest levels of differentiation within species were between Indian and Chinese or Indian and Taiwanese populations of M. castaneus (Table 4) .
We used these data to test the hypothesis that M. musculus, M. domesticus and M. castaneus diverged in allopatry with no subsequent gene flow. ML estimates of gene flow revealed asymmetric patterns (Table 3 and Fig. 2 ). While no gene flow was detected into M. domesticus, significant gene flow was detected into both M. castaneus and M. musculus. We compared nested models with a likelihood ratio test using ima (Hey & Nielsen 2007) . In all three pairwise comparisons, a model allowing gene flow was a significantly better fit to the data than a model with no gene flow (P < 0.01 for each).
Genetic differentiation is higher at sex chromosomes
Patterns of differentiation and gene flow differed among loci with different modes of inheritance. The average F ST between species for autosomal loci (0.59) was lower than for X-linked loci (0.74), the Y-linked Jarid1d (0.70) or the mitochondrial control region (0.70). The greater differentiation for loci on the X chromosome compared to those on autosomes can also be seen in the relative numbers of polymorphisms within species and fixed differences between species (Table 5 and Table S5 , Supporting information). The ratio of total polymorphisms to fixed differences was significantly greater on the autosomes compared to the X chromosome in 2 × 2 contingency tables for each of the three pairwise species comparisons (Fisher's Exact Test, FET, P < 0.05 for each). The ratio of polymorphisms to fixed differences was also significantly greater on the autosomes compared to the Y chromosome in domesticus-musculus and domesticus-castaneus comparisons (FET, P < 0.01 for each) but not in the castaneus-musculus comparison (FET, P > 0.05).
The ratio of polymorphisms to fixed differences was significantly greater on the autosomes than in the mtDNA control region in the musculus-domesticus comparison (FET, P < 0.01), but not in the other comparisons (FET, P > 0.05 for both).
The im analysis and the neighbour-joining trees in Fig. 3 reveal that shared polymorphisms between species result from gene flow in some cases and unsorted ancestral polymorphism in others. For example, the tree for Jarid1d reveals three deep lineages corresponding to castaneus, domesticus, and a group containing both musculus and castaneus together. The im analysis shows that the clade containing both musculus and castaneus is a result of migration of the musculus Y chromosome into castaneus (Table 6 ). The castaneus containing the musculus Y included all of the castaneus individuals from China and Taiwan but none of the individuals from 
India (Fig. S1 and Table S1 , Supporting information). This suggests that the castaneus Y has been replaced by the musculus Y over a large geographic region. In contrast, im identified no gene flow into domesticus at Clcn6 (Table 6 ), yet some domesticus individuals were widely dispersed on the tree in Fig. 3 , suggesting that domesticus contains unsorted ancestral variation. The greater differentiation of the X chromosome compared to the autosomes appears to be due at least partly to differences in the level of gene flow for X-linked compared to autosomal loci. For example, the im analyses identified gene flow from domesticus into musculus for the autosomes but not for the X chromosome. The different levels of gene flow between the X chromosome and the autosomes, as well as the asymmetry of gene flow, are consistent with clinal patterns over a much smaller geographic scale in the musculus-domesticus hybrid zone (e.g. Tucker et al. 1992; Teeter et al. 2008) .
Discussion
We conducted a survey of nucleotide variation at eight loci in populations of Mus domesticus, M. musculus and M. castaneus to make inferences about the history of speciation in this group. We discovered that: (i) M. castaneus harboured the most genetic variation, followed by M. domesticus and then M. musculus, with inferred effective population sizes of approximately 200 000-400 000, 100 000-200 000 and 60 000-120 000, respectively; (ii) these species began to diverge about 500 000 years ago, with all three species diverging within a short time interval; (iii) patterns of genetic variation are inconsistent with a simple allopatric model of speciation with no gene flow; instead, gene flow occurred and was asymmetric between the species; and (iv) the X chromosome was more differentiated between species than the autosomes, due to both more gene flow and the presence of ancestral polymorphism on the autosomes compared to the X chromosome.
Levels of polymorphism and effective population sizes
These data add to a growing literature documenting the amount and structure of DNA sequence variation in wild house mice (Nachman 1997; Harr 2006; Baines & Harr 2007; Laurie et al. 2007; Salcedo et al. 2007) . Our results are consistent with other studies in suggesting that M. castaneus harbours more variation than M. domesticus or M. musculus (Baines & Harr 2007) . Much of that variation is found within India, as shown earlier for allozymes and mtDNA , consistent with the suggestion that this region represents the ancestral range for the species complex .
Our data indicate that the species-wide effective population size for M. castaneus is about 200 000-400 000, while it is about 100 000-200 000 for M. domesticus and 60 000-120 000 for M. musculus. While the absolute populations sizes are subject to uncertainty in generation length, the relative sizes are not (assuming the three species have the same generation length). The current and historical range of M. castaneus was probably less affected by Pleistocene climate changes than the ranges of M. domesticus or M. musculus, both of which have more northern distributions. M. domesticus and M. musculus have colonized regions that were extensively glaciated as recently as 10 000 years ago. The smaller effective population sizes of these species may reflect contractions during periods when their ranges were more restricted.
We found similar levels of variability in ancestral and derived populations of both M. domesticus and M. musculus for both the autosomes and the X chromosome. These observations argue against a strong bottleneck during the colonization of Western Europe by mice from the Middle East or the colonization of Eastern Europe by mice from central Asia. Baines & Harr (2007) reported reduced variation on the X chromosome relative to the autosomes in derived populations of both M. domesticus and M. musculus, and they attributed this pattern to hitchhiking effects associated with adaptation to novel environments. We found no evidence for such a reduction on the X in our data (Table S4 , Supporting information). This difference between our results and theirs may be due to the different genes that were sampled or to different geographic sampling. For example, Baines & Harr (2007) sampled Iran rather than Israel for their ancestral population of M. domesticus, and Iran is likely to be closer to the ancestral range of the species. Moreover, the derived populations of domesticus and musculus in the present study were sampled over a larger geographic region.
Estimates of nucleotide variability in mice allow us to make comparisons with similar data from humans, the mammalian species for which the best data are available. While the average level of nucleotide diversity at non-coding sites in humans is low (π = 0.11%, e.g. Li & Sadler 1991) , in mice, values range from 0.13% in M. musculus and 0.14% in M. domesticus to 0.43% in M. castaneus. House-mouse populations therefore have up to four times as much variation as human populations. Differences in estimates of N e between humans and house mice are even greater. N e for humans is in the order of 10 000, while for M. castaneus N e is about 200 000. This 20-fold difference in estimates of N e between humans and mice is due to a roughly five-fold lower mutation rate per generation in mice (~4 × 10 -9 , see Results) compared to humans (2 × 10 -8 , Nachman & Crowell 2000) . Although mice have higher substitution rates per year than humans (e.g. Li et al. 1996) , they have lower rates per generation.
Humans and house mice both expanded their ranges fairly recently and on similar timescales when expressed in generations. Humans moved out of Africa roughly 60 000 years ago (or about 3000 generations), while mice colonized northern Europe and Asia about 3000 years ago (or about 3000-6000 generations). Despite these similarities, patterns of nucleotide variability in ancestral and derived regions are different in humans and mice. In humans, non-African populations have reduced variation and fewer rare variants than in African populations (e.g. Akey et al. 2004) . Derived populations of M. domesticus and M. musculus show neither of these characteristics compared to ancestral populations.
Age of the species
Our data indicate that M. domesticus, M. musculus and M. castaneus diverged recently from each other and did so within a short period of time. The average divergence among each of the three pairs of species suggests a divergence time of about 500 000 years ago, and this is roughly consistent with the ML estimates of divergence time obtained using im. On average, alleles within a species are expected to coalesce within 4N e generations, although the variance is very large. If our estimates of N e and divergence time are approximately correct, then we would expect to see some ancestral variation segregating among these species. For example, we estimated that N e for M. castaneus is 200 000 and that it therefore diverged less than 4N e generations ago. Patterns of variation at some genes, such as Clcn6, appeared to be consistent with this expectation. We also note that this expectation is independent of assumptions about generation time, since different generations times would affect our estimates of both population size and divergence expressed in numbers of generations.
A key unresolved issue concerning speciation in this group is the order in which the species separated. Current evidence supports a phylogeny in which M. domesticus diverged first, with M. castaneus and M. musculus as sister species . Two of the loci in our study support this phylogeny with M. domesticus in a basal position (G6pdx and Med19, Fig. 3) . However, the most notable aspect of our data with regard to the relationship among species is the absence of a consistent pattern among loci. Some loci support a phylogeny in which M. musculus is basal (Prpf3, Ocrl, mtDNA) while other loci support a phylogeny in which M. castaneus is basal (Chrng). This discordance among loci is similar to the discordance among loci in resolving the human, chimp and gorilla trichotomy (e.g. Ruvolo 1997 ) and is expected in situations where the time between successive speciation events is small or the ancestral population size is large (Hudson 1983 ). In such cases, a large number of loci may be required to resolve the true bifurcating phylogeny, if one exists. An alternative hypothesis is that all three species diverged at roughly the same time from an ancestral population.
Resolving this issue will require sampling not only more loci but also sufficient geographic sampling to capture populations that may contain ancestral variation. For example, the phylogenetic analysis in Tucker et al. (2005) was based on a single M. castaneus from Thailand (CAST/Ei) and may not reflect the topology that would be obtained using M. castaneus from India.
Gene flow
The data presented here allow us to reject a model of allopatric speciation with no gene flow. The highest posterior density intervals on ML estimates of migration using im did not include zero for at least one member of each species pair. Likewise, models with gene flow revealed a significantly better fit to the data compared to models without gene flow in likelihood ratio tests implemented in ima. The inferred gene flow can also be seen in the topologies of some of the loci in Fig. 3 . For example, at both Med19 and Prpf3, there are three lineages corresponding nearly perfectly to the three species. In each case, there is a single mismatched haplotype on an otherwise sorted genealogy. Similarly, the genealogy for the mtDNA control region is generally well sorted, with the exception of a few domesticus haplotypes in castaneus mice from Taiwan and China. These mice contain castaneus alleles at other loci. The observation of introgression of domesticus mtDNA into castaneus has been confirmed in other samples from these same localities (H. T. Yu, unpublished results). Despite the evidence for gene flow, the actual amount appears to be low, with estimates of Nm well below one (Table 3) .
Notably, the analyses provide no evidence of gene flow into M. domesticus but suggest that gene flow has occurred into both M. castaneus and M. musculus. This asymmetry between M. domesticus and M. musculus is also seen in the hybrid zone formed between these two species. Considerable variation in cline width is observed for different markers, but when introgression occurs, it is almost always due to M. domesticus alleles moving into M. musculus (e.g. Teeter et al. 2008) . This agreement between hybrid zone studies of cline width (sampled over tens of km) and gene genealogies from animals across the range of the species (sampled over thousands of km) further strengthens the inference of gene flow.
It is important to point out that our analyses do not directly address the timescale over which gene flow has occurred. The current hybrid zone between M. domesticus and M. musculus is believed to be quite young, but it is unknown whether these species have had multiple periods of isolation and contact, or if they evolved primarily in isolation until recently. It is noteworthy that the mismatched alleles in the trees in Fig. 3 come from individuals in both ancestral and derived populations (Fig. S1, Supporting information) . This suggests that not all of the gene flow is recent.
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Fig. S1
Neighbour-joining trees depicting the evolutionary relationships between all the haplotypes found at (a) Chrng, (b) Med19, (c) Prpf3, (d) Clcn6, (e) G6pdx, (f) Ocrl, (g) Jarid1d and (h) control region. Haplotypes found in Mus domesticus are followed by a white box, found in M. musculus by a black box and found in M. castaneus in a grey box. Numbers next to the haplotype boxes indicate the number of chromosomes in which the given haplotype was present and the populations where they were found. Bootstrap values equal or higher to 80 are shown next to branches. Whenever available, sequences of M. spretus, M. spicilegus and M. caroli were included.
Table S1
Populations and sampling localities for all the samples used in this study Table S2 Amplicon and primer details   Table S3 Length, number of sites (SNPs) and number of chromosomes (N x ) of non-recombining data sets used for im and ima analyses after removing missing data Table S4 Levels of polymorphism within populations of house mice, and divergence between these populations and Mus caroli Table S5 Counts of exclusive (Sd, Sm, Sc), shared (Ss) and fixed (Sf) sites between species pairs of house mice Please note: Wiley-Blackwell are not responsible for the content or functionality of any supporting materials supplied by the authors. Any queries (other than missing material) should be directed to the corresponding author for the article.
